INTRODUCTION {#sec1-1}
============

To achieve adequate bonding for a resin-dentin bond with etch-and-rinse adhesives two clinical techniques, that is, dry bonding and wet bonding, have been suggested.\[[@ref1]\] Water-wet bonding (WWB) technique may contribute to the technique sensitivity of these adhesives, and most of the contemporary dentin adhesives are also hydrophilic to adhere to wet dentin substrates. Thus, bonding deteriorates overtime,\[[@ref2]\] due to a variety of physical and chemical factors including hydrolysis and enzymatic degradation by host-derived matrix metalloproteinases (MMPs).\[[@ref3][@ref4][@ref5]\] Hence, WWB technique with simplified hydrophilic adhesives would not be able to achieve durable adhesion to dentin.

Accordingly, an *in vitro* technique of "ethanol-wet bonding" (EWB) has been postulated in which ethanol as a polar solvent is used to dehydrate and support the acid etched demineralized dentin collagen matrix for the application of etch-and-rinse adhesives.\[[@ref6][@ref7][@ref8][@ref9]\] It is used to create a less hydrophilic more durable hybrid layer and also prevent phase separation of the hydrophobic adhesive monomer. Dentin bonding using the EWB technique produces the highest microtensile bond strengths when compared to dentin bonding with water under moist or dry conditions.\[[@ref10]\]

The use of collagen cross-linkers (CCLs) has been proposed to enhance the properties and longevity of the dentin-resin bonds. Proanthocyanidins (PA) are natural biocompatible CCLs, MMP inhibitors, anti-bacterial and anti-oxidants that interact with proteins to stabilize and increase the Type-I collagen cross-linkage, by promoting hydrogen bond formation between the protein amide carbonyl and the phenolic hydroxyl. Grape seed extracts are a rich source of PA, yielding a 10% higher concentration of PA.\[[@ref11][@ref12]\] Proanthocyanidins have shown to improve the resin-dentin bond strength of etch-and-rinse adhesives to both sound dentin and caries-affected dentin.\[[@ref13][@ref14]\]

Assuming that the infiltration of resins would be facilitated by EWB and the presence of CCLs within the hybrid layer would build the ideal interface resistant to hydrolysis and enzymatic degradation, this study was designed with the aim to evaluate whether the application of two simplified etch-and-rinse adhesives to biomodified dentin using EWB with and without CCL pretreatment improves their sealing ability. The null hypothesis tested was that there is no difference between the microleakage of simplified etch-and-rinse adhesives bonded to pulp-chamber dentin with WWB or EWB with and without PA application.

MATERIALS AND METHODS {#sec1-2}
=====================

One seventy-six human molars extracted for periodontal reasons were collected. The teeth were caries-free and had no previous restorations or defects. The teeth were cleaned of any debris and stored in 0.1% thymol in distilled water at room temperature and used within 6 months of the extraction. Using a carborundum disc and water coolant, the roof of the pulp-chamber was decoronated perpendicular to the longitudinal axis, 1.5 mm coronal to the cement-enamel junction and roots were sectioned 2 mm apical to the bifurcation. The canal orifices were widened with Gates Glidden drill no. 2-3 (Gates drills, Mani Inc., Tochigi, Japan) and the pulp tissue was extirpated carefully with the help of excavator and broaches. The root ends were sealed with amalgam (DPI Alloy, Dental Products of India, Mumbai, India) and later the pulp-chambers were irrigated with normal saline.

Proanthocyanidins powder was derived after removing the coating from the grape seed extract capsules (95% purity Vitis vinifera, Zenith Nutrition). To obtain 15% PA solutions, 15.79 g powder was dissolved in 84.21 ml of 100% ethanol and distilled water separately at normal temperature and pressure. The pH of the slightly acidic solutions was adjusted to 7.2 using 0.5 mol/L NaOH (HDB Chemical Engineer Co. Ltd., Beijing, China). Centrifugation was done at 1200 rpm for 15 min to allow for sedimentation. After double filtration through a filter paper, the supernatant fluid was collected in a closed beaker.

Samples were equally divided into eight groups (*n* = 22) according to the four bonding techniques to be performed using Adper Single Bond 2 (ASB) (3M ESPE, St. Paul, USA) in group 1 (a-d) and XP Bond (XPB) (Dentsply, DeTrey GmbH, Germany) in group 2 (a-d) \[Tables [1](#T1){ref-type="table"} and [2](#T2){ref-type="table"}\]. Pulp-chamber in all the groups was acid etched with 37% phosphoric acid for 15 s, followed by rinsing and blot drying.

###### 

Materials/adhesive systems, composition and manufacturer\'s instructions
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###### 

Experimental groups and their bonding protocols
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After bonding procedures, composite restorations were placed in the pulp-chamber of all the samples using a dual cure composite, Core X Flow (Dentsply Caulk, Milford, USA). Two increments of 2 mm thickness were placed using a dual-barreled syringe and each increment was light cured at 500 mw/cm^2^ by Spectrum 800 (Dentsply, Caulk, Milford, USA) for 20 s according to the manufacturer\'s instructions \[[Table 1](#T1){ref-type="table"}\]. The restored specimens were finally placed in distilled water at 37°C for 24 h and subjected to thermo-cycling at a temperature range of 5°C and 55°C for 500 cycles, with 30 s dwell time at each bath and 10 s for specimen transfer. Twenty samples from each group were subjected to dye penetration test, and two samples per group were evaluated for interfacial morphology under scanning electron microscope (SEM).

Sealing ability evaluation {#sec2-1}
--------------------------

The samples were coated with 2 layers of nail polish leaving 1 mm window around the composite restored margins and immersed in 2% methylene blue dye for 2 days. They were washed under running water, and air dried at room temperature for 24 h. All samples were prepared by one operator and later sectioned longitudinally along the bucco-lingual direction corresponding to the center of the restorations. Dye penetration at the tooth-restoration interface was assessed by stereomicroscope at ×10 by two independent precalibrated examiners who were unaware of the treatment groups. In case of any disagreement, new readings were performed until a consensus was reached. The maximum degree of dye penetration was recorded for each specimen and dye penetration was scored on a nonparametric scale from zero to three for microleakage analysis.\[[@ref15]\]

Dye Leakage Score Criteria for Scoring:

0 no leakage.1 leakage extending into pulp-chamber.2 leakage involving pulp floor.3 leakage involving root canal.

Scanning electron microscopic evaluation {#sec2-2}
----------------------------------------

The restored samples were sectioned mesiodistally and polished with wet 210 grit SiC paper. Acid-base treatment (6N HCl for 30 s, followed by 4% NaOCl for 10 min) was done, and the samples were dehydrated in ascending ethanol concentration (50%, 75%, and 95% for 20 min each and 100% for 1 h), then transferred to a critical point dryer for 30 min. The specimens were mounted on aluminum stubs for sputter coating with gold. Gold sputter coating was carried out under reduced pressure in an inert argon gas atmosphere in an Agar Sputter Coater P7340 (Agar Scientific Ltd., Essex, England). All the sixteen gold-coated samples were examined under SEM (Leo 430, England) operated at 15 kV to observe the micromorphology of the resin-dentin interface.

Statistical analysis {#sec2-3}
--------------------

Dye leakage scores obtained were subjected to statistical analysis using Kruskal-Wallis and Mann-Whitney U-tests Statistical Package for Social sciences Version 15.0 (SPSS inc., Chicago, IL) at a significance level of *P* \< 0.05.

RESULTS {#sec1-3}
=======

Sealing ability {#sec2-4}
---------------

The mean dye leakage scores of different groups are presented in [Table 3](#T3){ref-type="table"}. Intergroup comparisons using Mann-Whitney U test and corresponding *P* values are presented in [Table 4](#T4){ref-type="table"}. The maximum leakage scores were found in WWB groups of both the adhesives, that is, groups 1a and 2a (WWB) and 1c and 2c (WWB + CCL) with no significant difference between groups 1a and 1c (*P* = 0.510) and 2a and 2c (*P* = 0.821). Least dye leakage scores were observed in EWB groups (1b, 1d and 2b, 2d) of both the adhesives regardless of CCL application, with no significant difference between groups 1b and 1d (*P* = 0.918) and 2b and 2d (*P* = 0.399). EWB groups of both the adhesives depicted significantly improved sealing ability as compared to WWB groups irrespective of CCL pretreatment. While CCL pretreatment had no effect on the sealing ability of either of the adhesives applied following WWB or EWB technique.

###### 

Microleakage scores observed in the study groups (*n* = 20)
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###### 

Intergroup comparisons using Mann-Whitney U-test
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Scanning electron microscopic {#sec2-5}
-----------------------------

The representative SEM photomicrographs of each group are shown in Figures [1a](#F1){ref-type="fig"}-[d](#F1){ref-type="fig"} and [2a](#F2){ref-type="fig"}-[d](#F2){ref-type="fig"}. SEM observation of resin-dentin interfaces demonstrated generalized gap along the entire interface showing poor adaptation after bonding with ASB/XPB using WWB technique in both groups 1a and 2a (WWB) and groups 1c and 2c (WWB + CCL) \[Figures [1a](#F1){ref-type="fig"}, [1c](#F1){ref-type="fig"}, [2a](#F2){ref-type="fig"}, and [2c](#F2){ref-type="fig"}\]. EWB groups 1b and 2b (EWB) and groups 1d and 2d (EWB + CCL) revealed perfect adaptation depicting the absence of interfacial gaps after bonding with ASB/XPB \[Figures [1b](#F1){ref-type="fig"}, [1d](#F1){ref-type="fig"}, [2b](#F2){ref-type="fig"}, and [2d](#F2){ref-type="fig"}\].

![(a) Scanning electron microscopic (SEM) view depicting generalized gap at resin-dentin interface after bonding with Adper Single Bond 2 (ASB) using water-wet bonding (WWB) technique (group 1a - ASB − WWB). (b) SEM view depicting perfect interfacial seal after 100% ethanol pretreatment and bonded with ASB 2 (group 1b - ASB − ethanol-wet bonding \[EWB\]). (c) SEM microscopic view depicting poor adaptation at resin-dentin interface with ASB 2 bonded to 15% proanthocyanidins pretreated pulp chamber dentin using WWB technique (group 1c - ASB − WWB + collagen cross-linker \[CCL\]). (d) SEM view depicting absence of gap and good interfacial adaptation after 100% ethanol and 15% proanthocyanidins pretreatment of pulp chamber dentin bonded using ASB 2 (group 1d - ASB − EWB + CCL)](JCD-18-331-g005){#F1}

![(a) Scanning electron microscopic (SEM) view depicting generalized gap at resin-dentin interface after bonding with XP Bond (XPB) using water-wet bonding (WWB) technique (group 2a - XPB − WWB). (b) SEM view depicting perfect interfacial seal after 100% ethanol pretreatment and bonded with XPB (group 2b - XPB − ethanol-wet bonding \[EWB\]). (c) SEM view depicting poor adaptation at resin-dentin interface with XPB bonded to 15% proanthocyanidins pretreated pulp-chamber dentin using WWB technique (group 2c - XPB − WWB + collagen cross-linker \[CCL\]). (d) SEM view depicting absence of gap and good interfacial adaptation after 100% ethanol and 15% proanthocyanidins pretreatment of pulp-chamber dentin bonded using XPB (group 2d - XPB − EWB + CCL)](JCD-18-331-g006){#F2}

DISCUSSION {#sec1-4}
==========

Despite apical leakage being considered an important factor in the endodontic failure, more attention is now being focused on procedures performed to achieve an effective coronal seal soon after the completion of root canal therapy using adhesive restoration.\[[@ref2]\] The results of the present study depicted that the use of both simplified etch-and-rinse adhesives; ASB and XPB, on 100% ethanol-saturated pulp-chamber dentin achieved significantly lower microleakage values than WWB with and without PA application. Thus, this led to the rejection of the null hypothesis.

In the current study, evaluation of coronal seal of composite restorations in pulp-chamber revealed extensive leakage in both the adhesives when used with conventional WWB technique. As compared to coronal dentin, bonding to pulp-chamber dentin is more difficult due to its complex hierarchical structure.\[[@ref16]\] Thus, the bond strengths in deep dentin are reported to be lower than superficial dentin due to less amount of inter-tubular dentin available for resin bonding.\[[@ref17][@ref18]\]

To optimize the bonding effectiveness of adhesives in pulp-chamber, dentin biomodification with EWB technique was evaluated in our study. Originally designed to be used with experimental hydrophobic adhesives it can be performed in either of the two versions: In the progressive ethanol replacement, the ethanol saturation is achieved using a series of ascending ethanol concentrations, taking approximately 3-4 min, which defies the principles of user-friendliness and technique simplification.\[[@ref19]\] To overcome this obstacle, clinically relevant simplified dehydration protocol with single-step 1 min application of 100% ethanol has been developed. However, it is extremely technique-sensitive and does not completely replace residual water and, therefore, may not be successfully used with hydrophobic adhesives. On the other hand, it may be assumed that contemporary hydrophilic adhesives will be more tolerant to the presence of residual water as compared to hydrophobic adhesives after EWB in a simplified dehydration protocol.\[[@ref20]\] Therefore, the alternative simplified version of simplified EWB technique was used in the current study where contemporary hydrophilic etch-and-rinse adhesives were applied to ethanol-saturated demineralized dentin.

A significant reduction in dye leakage was observed with simplified EWB dehydration protocol. This may be attributed to the fact that ethanol, is a desirable solvent for most hydrophobic resin monomers and it can slowly replace residual water in the dentin matrix by chemical dehydration, thus preventing collagen hydrolysis, plasticization of resin and enzymatic degradation of resin-dentin interface.\[[@ref8]\] As MMPs are hydrolases, they will also not become active in ethanol-saturated acid-etched dentin. Ethanol-saturated demineralized dentin results in better resin-collagen interactions/encapsulation as ethanol has a vapor pressure of 52.50 mmHg at 23.8°C, whereas water has a value of 21.05 mmHg. This means that ethanol evaporates much more quickly than water; thereby removing/evaporating more water-ethanol from around the collagen fibrils for the adhesive monomers for adhesion. Ethanol used to wet the collagen matrix may create some interpeptide hydrogen bonds which will stiffen the matrix to minimize its collapse and produces shrinkage of the collagen fibrils thereby enlarging the interfibrillar spaces, which allow better infiltration of the monomers into the demineralized collagen matrix.\[[@ref9][@ref21]\] Also, it is speculated that ethanol might collapse the highly hydrated glycosaminoglycans in interfibrillar spaces. Maintaining these open interfibrillar spaces would promote better penetration of monomers. Moreover, EWB preserves the resin-dentin bond integrity without the adjunctive use of MMP inhibitors.\[[@ref22]\] All these factors result in improved bonding efficacy of contemporary etch-and-rinse adhesives with EWB depending on the composition of adhesives. Similar to our study, Li *et al*. also demonstrated improved bonding efficacy of contemporary hydrophilic etch-and-rinse adhesives with simplified EWB technique (100% ethanol for 1 min).\[[@ref20]\] They attributed this to the good wettability of ethanol-saturated dentin and more stable hybrid layer, as the Hoy\'s solubility parameter of hydrophilic adhesives better matches with that of partially dehydrated dentin matrix (using simplified protocol), which also contains some residual water. On the other hand, complete water replacement by ethanol (using ascending concentrations) would result in Hoy\'s solubility parameter value, which is better matched with hydrophobic adhesives.\[[@ref20]\]

Collagen cross-linker like PA may play an important role in the establishment of tissue engineering/biomimetics approaches to improve the intrinsic properties of the dentin bonding substrate.\[[@ref13]\] The use of PA is a clinically feasible and promising approach for efficiently cross-linking and stabilizing collagen along with improving the durability of current dentin adhesives.\[[@ref23][@ref24]\] However in our study, application of PA did not improve the sealing ability of simplified etch-and-rinse adhesives. The reason might be the shorter duration of application (1 min) or the high C-factor in pulp-chamber as opposed to flat tooth surface mostly used in bond strength studies. Contrary to our study, in some studies PA was applied for 1 h and 5-10 min respectively that might account for the discrepancy from our results.\[[@ref13][@ref25]\] However, such application protocols are time-consuming and clinically unrealistic to justify the use of PA, which is not so in this study.

In summary, EWB technique allows for higher infiltration of hydrophobic monomers and better collagen encapsulation, which would lead to more stable bonds. Further studies should aim to delineate guidelines for the time, concentration and source of PA and development of simplified EWB technique for use with different adhesives under simulated pulpal pressure conditions.

CONCLUSION {#sec1-5}
==========

Within the limitation of this *in vitro* study, it can be concluded that the sealing ability of both ASB and XPB simplified etch-and-rinse adhesives significantly improved after bonding to ethanol-saturated pulp-chamber dentin using 100% ethanol application for 1 min EWB. While dentin biomodification using CCL pretreatment with the application of 15% PA in clinically relevant time period had no significant effect on the sealing ability of the adhesives.
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